Abstract. We report accurate laboratory measurements of selected methanol transition frequencies between 0.834 and 230 GHz in order to facilitate astronomical velocity analyses. New data have been obtained between 10 and 27 GHz and between 60 and 119 GHz. Emphasis has been put on known or potential interstellar maser lines as well as on transitions suitable for the investigation of cold dark clouds. Because of the narrow line widths (< 0.5 km s −1 ) of maser lines and lines detected in dark molecular clouds, accurate frequencies are needed for comparison of the velocities of different methanol lines with each other as well as with lines from other species. In particular, frequencies for a comprehensive set of transitions are given which, because of their low level energies (< 20 cm −1 or 30 K) are potentially detectable in cold clouds. Global Hamiltonian fits generally do not yet yield the required accuracy. Additionally, we report transition frequencies for other lines that may be used to test and to improve existing Hamiltonian models.
Introduction and Motivation

Methanol masers
Methanol (CH 3 OH) is the molecule with the largest number of known interstellar maser lines. These transitions arise from a wide range of energy levels above the ground state, and modeling their excitation provides important information on their emitting regions. Based on the small number of lines known at the time, Batrla et al. (1986) were the first to suggest that all methanol maser transitions belong to either one of two types, named class I and class II by Menten (1991a,b) .
Obviously, the lines considered (within each class) have to arise from the same region for excitation modeling to make sense. The first clue that this indeed is the case comes from the observation that different transitions cover very similar LSR velocity ranges. Moreover, in particular for class I maser lines, the frequently very sparse spectra (sometimes showing a single strong feature only) look very similar for different transitions (apart from their intensities); see, e.g., Fig. 1 of Menten 1991b . The conclusion made in the latter reference, that class I methanol Send offprint requests to: H. S. P. Müller; hspm@ph1.unikoeln.de masers are associated with interstellar outflows and frequently found far away (up to a pc) from their exciting sources, while class II masers arise from the closest, warm (T ∼ 150 K), dense (n ∼ 10 6−7 cm −3 ) environment of newly formed high-mass stars, has been confirmed by all subsequent observations (see astronomical references in Table 1 ). This dichotomy is coupled to their excitation: As model calculations show (Leurini et al. 2004a) , class I masers arise from basic properties of the methanol molecule via collisional excitation, if no strong far-infrared field is present, i.e. far away from stars. In contrast, class II masers are pumped by infrared radiation (from the embedded objects), most likely via one or more torsionally excited states (e.g., Sobolev & Deguchi 1994) .
A common origin of different maser lines has been directly proven -so far -in only a few cases: Very Long Baseline Interferometry observations of the two strongest class II maser lines, the 5 1 → 6 0 A + and 2 0 → 3 −1 E transitions, at 6.7 and 12.2 GHz, respectively, show that, indeed, maser spots in both lines do arise from identical locations on milliarcsecond (few AU) scales (Menten et al. 1992) . More recently, Kogan and Slysh (1998) found something similar for class I maser transitions in DR21(OH) by combining their observations of 7 0 → 6 1 A + at 44.0 GHz with those of 8 0 → 7 1 A1 + at 95.2 GHz by Plambeck and Menten (1990) .
While such direct imaging certainly proves the coexistence issue, it is available for few lines and few sources only. Thus, a lot of the interpretation depends on compar-ison of line profiles. Therefore, a need for rest frequency values of the highest possible accuracy is rather obvious.
Methanol in dark clouds
As mentioned above, methanol is readily found in hot, dense molecular cores in high-mass star-forming regions.
In contrast, few observations of methanol in cold dark clouds have been made. This is partially due to the weakness of the emission, which is optically thin and has a low excitation temperature in such sources, where small CH 3 OH/H 2 ratios of order 10 −8 -10 −9 are found. Such values can be readily explained by gas phase chemistry models.
The first observations of CH 3 OH in cold, dark clouds where made by Friberg et al. (1988) , who detected the k = 0 and 1E-type and the k = 0A
+ -type lines of the 2 k − 1 k quartet near 96.7 GHz as well as the 48.4 GHz 1 0 − 0 0 A + transition. Sources included the well-studied molecule-rich clouds TMC-1, L134N (= L183), and B335. Turner (1998) added a number of other lines to the still small list of methanol lines observed in dark clouds (see Table 2 ).
In this context, of particular importance is the detection of enhanced absorption (overcooling or anti-inversion) of the 12.2 GHz 2 0 − 3 −1 E line against the cosmic microwave background radiation toward TMC-1 and L183 . No line better demonstrates the class I/II maser dichotomy than this transition, the second most luminous and widespread class II maser line known (Batrla et al. 1987) , which is pumped by prodigious far-infared radiation near newly formed high-mass (proto)stars. In class I sources, in contrast, as well as in dark clouds, i.e. in regions devoid of strong far-infrared radiation, this line becomes anti-inverted by the same mechanism, that produces the J k=−1 − (J − 1) k=0 E (J = 4, . . . 9) maser lines (see Table 1 and Leurini et al. 2004a,b) .
Existing data and new laboratory measurements
Modern millimeter-wavelength spectroscopy of methanol effectively started with the classic paper by Lees & Baker (1968) .
An early compilation of line rest frequencies was presented by Lees et al. (1973) . Many of the millimeter and submillimeter transition frequencies commonly used by astronomers today are the result of a concerted laboratory measurement/theory effort by the Duke, then Ohio State University group. They used large quantities of measured line frequencies to fit the (many) parameters of an extended internal axis method Hamiltonian, yielding better than 100 kHz accuracy fits to the bulk of the frequencies (Herbst et al. 1984; De Lucia et al. 1989; Anderson et al. 1990 ).
The published frequencies in the older references had typical uncertainties of 0.1 MHz. At 100 GHz, this corresponds to a velocity uncertainty of 0.3 km s −1 , comparable to the line widths of single maser features.
More recently, these measurements have been extended to selected frequency regions between 550 and 1200 GHz by Belov et al. (1995) employing the Cologne Terahertz Spectrometer. Still higher frequency measurements were published e. g. by Matsushima et al. (1994) and Odashima et al. (1995) . In the latter laboratory, rather comprehesive measurements have been performed between 7 and 200 GHz . Even further measurements and often model Hamiltonians have been reported in references cited in these articles and the ones mentioned below.
The highest accuracy measurements available for lines in the radio frequency and centimeter wavelength ranges, where high accuracy is most important, were made by Radford (1972) , Heuvel and Dymanus (1973) , and Gaines et al. (1974) , employing beam-maser spectroscopy. Later, Mehrotra et al. (1985) and Breckenridge & Kukolich (1995) employed microwave Fourier transform (MWFT) spectroscopy.
In this paper we present a compilation of frequencies of all known class I and II methanol maser lines. Values with the highest accuracy published were chosen in general. In addition, we used spectrometers available in Cologne and Kiel for accurate measurements of selected methanol transition frequencies.
Cologne and Kiel laboratory measurements
The frequency region between 60 and 119 GHz has been investigated in Cologne employing AM-MSP1 and AM-MSP2 millimeter wave synthesizers (Analytik & Meßtechnik GmbH, Chemnitz, Germany) as sources and a Schottky diode detector. Details of the spectrometer were described by Winnewisser et al. (2000) . The absorption cell was about 3.5 m long. In order to abtain accurate line positions, low pressures (0.1 -1.0 Pa) and a large number of data points was used. Figs. 1 and 2 demonstrate the very good signal-to-noise ratio and the smoothness of the baseline for strong to moderately weak transitions.
For the measurements in Kiel, two waveguide microwave Fourier transform spectrometers were used, which cover the regions of roughly 8 -18 and 18 -26 GHz. Further detail on the spectrometer are given by Krüger et al. (1993) and Meyer et al. (1991) . Table 1 presents our compilation of laboratory frequencies of all known interstellar methanol maser lines. References for the first astronomical detection of maser Xu & Lovas (1997) ; see also the discussion. The Xu & Lovas (1997) data are also available online in the Cologne Database for Molecular Spectroscopy, CDMS, described in Müller et al. (2001) and Müller et al. (2004) . Table 2 gives frequencies for strong transitions with lower state energies below 20 cm −1 and frequencies below 200 GHz for which laboratory frequencies with less than 50/30 kHz uncertainties are known. Note that some transitions may be both in Table 1 and Table 2 .
Only very few transitions have larger uncertainties (of the order 50 kHz).
Finally, Table 3 summarizes the remaining transition frequencies determined in the course of the present study. These frequencies, together with the newly measured ones in Tables 1 and 2 , may be useful for improving existing methanol Hamiltonians.
Discussion and conclusions
Comparison with earlier results
The newly obtained transition frequencies are generally much more accurate than previously published values, sometimes by more than a factor of 10. Moreover, they agree generally well within experimental uncertainties both with older measurements summarized in Xu & Lovas (1995) and with more recent measurements from Tsunekawa et al. (1995) . Specifically, among the new lines in tables 1 and 2 there is only one for which the agreement is not quite within estimated uncertainties with either data. The value of 86615.760 MHz in Xu & Lovas (1995) originates from Sastry et al. (1985) and has an uncertainty of 100 kHz in that paper. Tsunuekawa et al. (1995) give 86615.578 MHz with an uncertainty of 10 kHz. Both values differ slightly from our value of 86615.600(5) kHz. But since experimental uncertainties are usually given as 1σ values, agreement "only" within twice or threetimes the larger uncertainties should not be of major concern. Moreover, our current value is in excellent agreement with the calculated value of 86615.602(14) kHz in Xu & Lovas (1995) . Also, the J = 2 → 1 transition frequencies around 96 GHz given in table 2 agree within 1 to 4 kHz with calculated values in Xu & Lovas (1995) . In most instances, this is less than both the experimental and the calculated uncertainties.
The agreement of the transition frequencies in Table  3 with calculated values in Xu & Lovas (1995) is mostly within 50 kHz or threetimes the calculated uncertainties, whichever is larger; only some high J lines show larger deviations. This level of agreement is satisfactory. It should be pointed out that the calculated frequencies and uncertainties not only in Xu & Lovas (1995) , but for all Hamiltonian models depend on the quality of the model employed and on the quality of the input data. Since the input data in Xu & Lovas (1995) has an accuracy of 50 or 100 kHz for the most part it cannot be expected that the predictions are much better than this in general -irrespective of the predicted uncertainties. Moreover, while predictions are usually reliable in cases of interpolation, extrapolations should always be viewed with caution.
In addition, most transitions in table 3 had been measured already by Tsunekawa et al. 1995 . The agreement is almost always good to very good, meaning within three and one times the combined experimental uncertainties, respectively.
Astronomical impact
On occasion, astronomical measurements have been used to propose improved rest frequencies compared to the ones obtained in the laboratory. While it may be sometimes easy to obtain very precise astronomical line frequencies, the determination of accurate positions (i. e. the absolute line position) is significantly more difficult. Nevertheless, astronomical observations have pointed at deficiencies in the accuracy of laboratory rest frequencies and have provided improved values in several instances. In fact, the laboratory measurements by Gaines et al. (1974) were sparked by seemingly different velocity shifts for the Esymmetry, k = 2 → 1, ∆J = 0 transitions with J = 6 and 7 observed by Chui et al. (1974) . The greatly improved transition frequencies of Gaines et al. (1974) Turner (1998) found no need for a revised rest frequency; his downward shift by 8 kHz was well within the uncertainty of 32 kHz. Our new frequency implies an even larger downward shift of 45 kHz, see table 2, which is in perfect agreement with the calculated position from Xu & Lovas (1997) , see above.
To give just one example of the impact our (in many cases revised) frequencies have on the interpretation of maser data, we mention that Val'tts et al. (1995) proposed a revision of the 107013.85(10) MHz rest frequency by Lees & Baker (1968) Lees & Baker (1968) . Indeed, wenn critically examining their revised velocities, e.g. , that of the strongest maser feature in W3(OH) and the thermal emission components in Orion-KL, with literature values of other methanol lines, we believe that the value presented here is the most appropriate.
A note on the low frequency ∆J = 0 lines
The identity of certain ∆J = 0 transitions as masers is uncertain. Given the large linewidths and extended emission distribution observed in the Galactic center region (and only there), the 1 1 A − → 1 1 A + line, the first interstellar methanol transition discovered, does clearly not show high gain maser action. However, the fact that it appears in emission against a high brightness temperature continuum background indicates that it must be weakly inverted, like low quantum number transitions from various other complex molecules found near the Galactic center; see Menten (2004) . Optical depth estimates are of order 10 −3 ; see Gottlieb et al. 1979 . The same arguments apply to the 3 1 A − → 3 1 A + line, which is also seen in emission toward Sgr B2 and at least one other location in the Galactic center region, G0.5 − 0.1 (Sgr B1; Mezger & Smith 1976) . Recent calculations on CH 3 OH excitation predict these lines and other J k A − → J k A + lines to be very weak class I masers under certain conditions (Leurini et al. 2004a ).
Summary
The present manuscript provides accurate transition frequencies for methanol maser as well as dark cloud lines, several of which have been determined in the course of the present investigation. This compilation of methanol lines should be useful for velocity analyses of mathanol masers and of dark clouds. Moreover, the newly determined transition frequencies will be useful for improving existing Hamiltonian models for methanol. This is of particular importance for obtaining improved methanol rest frequencies in the 26 -54 GHz region for which it may be difficult to improve the data in the laboratory. For nomenclature see also notes to Table 1 . a I and II mean that these lines are class I and II maser transitions, respectively, in some non-dark cloud regions (see Table 1 ).
f Only references reporting the first detection of a line in a cold (T ≈ 10 K) dark clouds first are listed. For non-dark cloud astronomical references to first detections, see Lovas (2003) . "ND" means that no astronomical detection is reported in the latter reference; "NO" means that the line is not observable from the ground.
g This line appears in enhanced absorption (i.e. is over-cooled) against the cosmological microwave background radiation. References in parantheses and italics report observations of a given line that did not yield its detection. Table 3 . Other methanol transitions measured in the course of the present investigation
